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I. INTRODUCTION
Room temperature magnetic refrigeration, based on magnetocaloric effect (MCE), has attracted much attention because of its energy saving potential and being friendly to the environment. [1] [2] [3] Since the giant MCE was discovered in Gd 5 Si x Ge 4Àx , 1 more research efforts are concentrated on the Gd-based compounds. GdScGe crystallizes in the tetragonal CeScSi-type structure with a space group of I4/mmm and has a ferromagnetic structure. 4 It is interesting to see that the GdScGe intermetallic system, although containing 2/3 of nonmagnetic elements, has a Curie temperature T C of 349 K, higher than that of pure Gd metal (T C ¼ 294 K). In addition, Sc atom possesses a magnetic moment of 0.3 l B per atom, which was observed experimentally by perturbed angular correlation spectroscopy and confirmed by a first-principles electronic structure calculation. 5 The electronic structure calculation 5 showed that GdScGe has a ferromagnetic state, too. Recently, it is reported that the compound shows moderate MCE with an isothermal magnetic entropy change of 1.9 J/kgÁK around its T C for a field change of 2 T. 6 This compound could be a good candidate as a magnetic refrigerant in the corresponding temperature range.
Gd-based compounds are traditionally considered to be ideal local moment systems. It is expected that their exchange coupling could be described by a Heisenberg Hamiltonian. The Heisenberg interatomic exchange parameters can be calculated from first principles on the basis of the density functional theory (DFT). One most frequently used approach is a linear response method developed by Lichtenstein et al. 7 In this work, we have calculated the electronic structure in a DFT plus Hubbard U approach and derived the magnetic exchange coupling parameters using a linear-response method for the tetragonal GdScGe compound so as to estimate its T C .
II. COMPUTATIONAL METHODS AND DETAILS
In our electronic structure calculations, we apply the full potential plane-wave plus muffin-tin (PMT) orbital method, [8] [9] [10] a fusion of the linear augmented plane waves (LAPW) and muffin-tin orbital (MTO) methods. A mixed basis of LAPWs and MTOs is used for the eigenfunctions, taking advantage of the high efficiency of the MTOs and the high accuracy of plane waves. 10 The relativistic effects are treated by solving a scalar relativistic wave equation. The k-space integrations have been performed with the tetrahedron method. 11, 12 Exchange and correlation effects are treated with a generalized gradient approximation (GGA) given by Perdew et al. 13 Considering the strong correlation effect, the Gd 4f electrons are treated using a GGA þ U method for the exchange-correlation effect.
14 In all the GGA þ U calculations, we use the Hubbard and exchange parameters U ¼ 6.7 eV and J ¼ 0.7 eV, given by Harmon et al. 15 for the Gd 4f electrons. The inter-sites exchange coupling parameters J ij of the Heisenberg model have been calculated using a linearresponse method. 7, 16 We adopt a Green's function technique combined with the linear muffin-tin orbital method with atomic sphere approximation (LMTO-ASA). 16 The band structure calculation provides the one-electron Green function. The exchange interactions are calculated as the response to small-angle fluctuations of the spin orientations. Other calculation details have been reported before. 17 
III. RESULTS AND DISCUSSION
A. Electronic structure Figure 1 displays density of states (DOS) for GdScGe calculated using GGA þ U. GdScGe shows a typical metallic behavior in both spin minority and spin majority components. As shown in Fig. 1 , the spin majority 4f states are completely occupied by seven electrons and are situated around À7.7 eV below E f (just at the bottom of Ge 4s-like states), while the spin minority 4f states are empty and at about 3.5 eV above E f .
As displayed in Fig. 2 , the DOS at E f is dominated by the Gd 5d-like states. The Gd 5d states range from À4 eV to 6 eV, while the Ge 4p-like states distribute mainly between À4 eV and E f . The contribution of the Sc 3d-like states is between À1 eV and 1.5 eV. The hybridization of the Gd 5d-, Sc 3d-, and Ge 4p-like states affects the electronic, structural, and magnetic properties.
B. Structural properties and magnetic moments
To derive the structural properties, the total energy has been calculated as a function of unit cell volume. In the calculation, the structural symmetry was fixed, while the atomic positions were relaxed. The energy-volume data have been fitted using the universal equation of state of solid, 18 and the numerical details have been reported before. 19 The optimized lattice volume is about 99:5Å 3 per formula unit (f.u.), higher slightly than the experimental value ð98:5Å 3 =f:u:Þ by about 1% due to the overestimation of the lattice constants by GGA. The derived bulk modulus B is about 75 GPa. The calculated magnetic moment at the Gd site is about 98:5Å 3 =f:u: including a small orbital moment contribution of about 0:03 l B , and is slightly larger than the Gd 4f value of 7 l B due to the small induced Gd 5d moments. Including the small induced moments at Sc ð0:21 l B Þ and Ge ðÀ0:05 l B Þ sites, the calculated total magnetization per formula unit is of 7:6 l B . The calculated magnetic moment of Sc is in good agreement with the previous experimental and theoretical results. 5 The Gd magnetic moment is not sensitive to the change of the unit cell volume. It should be noted that the moment at the Gd site ð7:44 l B Þ is smaller than the calculated moment of Gd ð7:74 l B Þ in the Gd pure metal. 15 This results from the state hybridization among the Gd 5d-, Sc 3d-, and Gd 4p-states.
C. Exchange interaction
Exchange interaction is responsible for the magnetic moment formation and the pattern of magnetic ordering. 20 Using linear response method, we have calculated the intersites exchange coupling constant, J ij , and the on-site effective exchange-coupling constant, J 0 , which is the sum of the exchange coupling constants of a given magnetic moment with all the other moments within a sphere with a given cutoff radius R (here, R ¼ 5a, a is the lattice constant). Figure 3 displays the Gd-Gd inter-sites exchange coupling parameters J ij for GdScGe with the experimental unit cell size. The Gd-Gd exchange coupling parameters decrease rapidly with increasing Gd-Gd interatomic distance. The nearest inter-sites exchange interaction is the most important to the magnetic ordering. The nearest-neighbor exchange coupling parameter of Gd-Gd is 0.54 mRy. The Gd on-site effective exchange-coupling constant, J 0 , is 3.37 mRy.
The effective exchange-coupling constants, J 0 , have also been calculated as a function of unit cell volume in GdScGe. It is found that J 0 decreases almost linearly with increasing unit cell volume. According to the mean-field approximation (MFA), the Curie temperature T C is proportional to J 0 , i.e., T C ¼ 2J 0 =3k B . The calculated mean field T C as a function of pressure is shown in Fig. 4 . As expected, there exists a pressure induced T C enhancement. T C increases from about 345 K to 410 K as external pressure increases from 0 to 18 GPa. It should be noted that the possible structural transition under higher pressure is not considered in the calculation.
The calculated Curie temperature is 353 K at the experimental lattice constants, which is in good agreement with the experimental value ðT exp: C ¼ 349KÞ. The MFA Curie temperature is generally overestimated by 20% or so. 16 The good agreement between the calculation and experimental results could be partly ascribed to the well localized moment of Gd in this compound. In fact, the linear response method works well for calculating exchange coupling constants of good local moment systems. 7 In summary, the Coulomb repulsion U strongly influences the electronic structure of GdScGe compound. For Gd atoms, seven spin up 4f bands are fully occupied and situated at the bottom of Ge 4s-like states, while the 4f hole levels are completely unoccupied and well above the Fermi level in the GGA þ U approximation. GdScGe shows a typical metallic behavior in both spin minority and spin majority components. The calculated magnetic moment of the Gd site is 7:44 l B . The effective exchange parameters, J 0 , decrease with increasing unit cell volume, resulting in a pressure induced enhancement of T C . With the experimental lattice constants, the calculated J 0 is 3.37 mRy and the estimated mean field Curie temperature is 353 K, in good agreement with the experimental value ðT 
